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Ni(II) complexes of a series of pentadentate polyamine ligands have been reacted with CH3CN
in the gas phase using a modified quadrupole ion trap mass spectrometer. The ligands have
structural features such that upon complexation, chelate ring size, sterics, and inductive effects
can be evaluated in the gas phase. Rate and equilibrium constants for CH3CN addition to the
metal complexes show that there is a general decrease in the gas-phase reactivity as the chelate
ring size is increased. Density functional theory calculations at the B3LYP/LANL2DZ level of
theory have been used to obtain minimum energy structures and Mulliken charges for the
complexes. The decreased reactivity observed as the chelate ring size is increased correlates
with a decrease in the atomic charge on the metal. A larger chelate ring size enhances ligand
flexibility and improves the overlap of the ligand’s donor atoms with the metal center. Adding
methyl groups adjacent to or on the nitrogen donor groups of a ligand also decreases the rate
and equilibrium constants for the reactions of a given complex with CH3CN. Analysis of
Mulliken charges for these complexes indicates that both inductive and steric effects are
responsible for lower complex reactivity. These results suggest that while the gas-phase
reactivity of a metal complex with CH3CN is very dependent on the functional groups directly
bound to the metal, in some cases steric effects can conceal the correlation between reactivity
and coordination structure. (J Am Soc Mass Spectrom 2004, 15, 1128–1135) © 2004 American
Society for Mass SpectrometryThe chemistry of transition metal ions is quitediverse mainly because they can be tuned by thetype, number, and orientation of the ligands
coordinated to them. Knowledge of this coordination
sphere provides insight into metal complex reactivity,
and a variety of techniques including X-ray spectrosco-
pies, NMR, and electron paramagnetic resonance (EPR)
have been used to gather coordination structure infor-
mation. If metal complexes are present at low concen-
trations or in complicated mixtures, though, these tech-
niques can have difficulty providing coordination
structure. Consequently, we have begun to investigate
the advantage of using mass spectrometry (MS) to
gather coordination structure information.
For several reasons we have chosen not to rely on the
typical dissociation methods (e.g., collision-induced
dissociation [CID]) for acquiring metal complex struc-
tural information by MS. One reason is that, while the
dissociation patterns and dynamics of metal complexes
have not been exhaustively studied, most results indi-
cate that rearrangement reactions involving the loss of
small neutrals from large ligands or the loss of intact
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Unfortunately, neither provides much insight into the
coordination sphere, as they do not necessarily reveal
whether the groups lost were coordinated to the metal
or not. Furthermore, during collisional activation, even
at low energies, scrambling of the metal’s coordination
sphere can occur because of relatively weak metal-
ligand interactions. As a result rearrangements can
occur, and the structure from which a metal complex
dissociates may differ from its initial structure. Given
these drawbacks to the use of CID for coordination
structure analysis, we have begun to investigate the
potential of using low energy ion-molecule reactions
that are gentler.
We have shown that ion-molecule (I-M) reactions
can be sensitive enough to distinguish complexes with
different coordination numbers [12–17], coordinating
functional groups [18], and coordination geometries
[19, 20]. Using I-M reactions to provide coordination
structure relies on reacting metal complexes of interest
with reagent molecules such as CH3CN and NH3.
Addition of these ligands provides an easily measured
mass increase, and the extent of the reaction provides
insight into the structure. Because this approach relies
on complexation of a reagent ligand, steric factors that
might affect these reactions need to be evaluated. Con-
sequently, this work describes the gas-phase reactionsr Inc. Received January 19, 2004
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amine ligands, which differ only in the placement of
various methyl and methylene groups. These ligands
and their resulting metal complexes allow us to inves-
tigate the interrelated effects of sterics, induction, and
chelate ring size on complex reactivity.
Experimental
Ligand and Metal Complex Synthesis
The ligands used in this study (Figure 1) were synthe-
sized by attaching pyridine and methylpyridine groups
to the ends of a series of triamines. Ligands I, II, III, and
IX were synthesized by mixing bis(2-aminoethyl)amine
(DIEN), bis(2-aminopropyl)amine (DI-iPN), N-(3-amin-
opropyl)-1,3-propanediamine (DIPN), or 3,3-diamino-
N-methyldipropylamine (Me-DIPN) with 2-pyridin-
ecarboxaldehyde in a 1:2 ratio (triamine:aldehyde).
Ligands V, VI, VII, and VIII were prepared by mixing
the same triamines with 6-methylpyridine-2-carboxal-
dehyde in a 1:2 ratio (triamine:aldehyde). N-(3-amin-
opropyl)-1,4-diaminobutane (PNBT) and 1,4,7-trimeth-
yldiethylenetriamine (Tri-Me-DIEN) were mixed with
2-pyridinecarboxaldehyde in a 1:2 ratio to form Ligands
IV and X. In every case the resulting Schiff bases were
then reduced for 24 h in a Parr shaking hydrogenator
under a 60 psi atmosphere of H2 over Pd (10% Pd on
carbon). All chemicals were obtained from Sigma-Al-
Figure 1. The ligadrich (St. Louis, MO) and were used without further
purification. H2 (99.99%) was obtained from Merriam
Graves (Springfield, MA). Additional details for the
syntheses of these ligands can be found in previous
publications [18, 21].
Metal complexes were prepared at a concentration of
100 M by mixing NiCl2 solutions with an equal
amount of the ligand of interest in 100% methanol or
water:methanol (1:1). Electrospray ionization, with a
needle voltage of about 4 kV and a flow rate of 1.0–2.0
L/min, was used to generate the complex ions (ML2).
Normally, a capillary temperature of 150 °C and a
capillary exit offset voltage of 20–30 V were used.
Ion-Molecule Reactions
I-M reaction experiments were performed in a modified
Bruker ESQUIRE-LC quadrupole ion trap mass spec-
trometer. Details of the modifications made to this
instrument are provided elsewhere [18]. CH3CN was
used as the reagent gas at a pressure of 3.2  0.3  10-7
torr, and the helium buffer gas was maintained at a
pressure of 1.0  0.3  104 torr. The vacuum system
temperature was monitored with a thermocouple and
maintained at 300  2 K using a heating blanket.
Doubly-charged complex ions were isolated and re-
acted with CH3CN in the gas phase for different periods
of time. The ESQUIRE-LC software was used to control
used in this study.
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obtained by monitoring the change in the abundances
of product and parent ions for up to 4000 ms. Rate
constants for the I-M reactions were obtained by fitting
the experimental kinetic data to a series of differential
equations using the program KinFit [22]. The ratio of
the forward and back rate constants provided equilib-
rium constants for the reactions. In cases where the
fitting process failed to provide meaningful values for
the back rate constants, equilibrium constants were
calculated as the ratio of the product and parent ion
abundances at equilibrium.
Electronic Structure Calculations
Density functional theory (DFT) calculations were car-
ried out with the Gaussian suite of computational
chemistry programs [23]. We calculated Ni(II) com-
plexes of Ligands I–X and performed geometry optimi-
zations at the B3LYP level [24–26] with the LANL2DZ
basis set [27–30]. The use of an all-electron basis set was
computationally expensive for the complexes in this
study because of the size of the complexes and the
presence of a transition metal center. The LANL2DZ
basis set uses a combination of effective core potentials
(ECP’s), which substitute the core electrons in heavy
atoms, and Gaussian orbital valence basis sets [27–30].
A search of the Cambridge Crystallographic Data-
base retrieved structures for the Ni(II) complexes of
DIEN-(py)2 and DIPN-(py)2, which were used as the
starting points for the DFT calculations. Because no
crystal data was found for any of the other complexes
examined, the geometry optimized structures of Ni-
(DIEN-(py)2)
2 and Ni(DIPN-(py)2)
2 were used as
templates to construct their methyl analogs (complexes
of Ligands I–III and V–X in Figure 1). Ni(DIPN-(py)2)
2
was used to obtain a starting structure for the Ni(PNBT-
(py)2)
2 complex by introducing the appropriate meth-
ylene groups. After adding the necessary methylene or
methyl units to obtain the Ni(II) complexes of all the
ligands in Figure 1, optimizations at the B3LYP/
LANL2DZ level of theory were performed.
The DFT calculations were used to obtain metal
complex geometries and electronic distributions, which
were then used to provide insight into the reactivity
patterns observed in the gas phase. Given that electrons
are not localized entities and atomic charges are not an
observable property of a molecule, there is no precise
way to describe these atomic charges. Nonetheless,
many definitions have appeared in the literature, but
perhaps the most common approach for calculating
atomic charges is the Mulliken population analysis.
Mulliken charges are derived from a simple partition of
the electrons among the atomic orbital basis functions
[31–34]. Mulliken charges reflect the polarities of atoms
and functional groups, and they correlate well with an
atom’s electronegativity [31–35]. Mulliken charges for
Ni were taken from the minimum energy structures ofthe complexes found by performing the geometry opti-
mizations.
Ligand strain energies for several ligands were also
determined. The procedure to calculate ligand strain
energy first involved obtaining a minimum energy
structure for the metal complex at the B3LYP/
LANL2DZ level of theory. Then, the metal center was
removed from the structure and a single-point energy
calculation was performed on the “strained” ligand
structure at the B3LYP/6-31G(d,p) level of theory. Fi-
nally, the “strained” ligand structure without the metal
was allowed to “relax” by performing a geometry
optimization at the B3LYP/6-31G(d,p) level of theory.
With this procedure minimum energy values for the
final structures were obtained, and the strain energy
was calculated as the difference between the “strained”
and “relaxed” ligand structures.
Results and Discussion
Previous results have shown that five-coordinate com-
plexes add just a single reagent gas molecule to fill the
metal’s coordination sphere [12, 18]. Ligands I–X have
five potential binding sites, and their resulting com-
plexes upon coordination to Ni(II) should add one
CH3CN molecule in the gas phase. By following the
evolution of parent and product ion abundances as a
function of reaction time, kinetic plots for the reactions
can be obtained. Figure 2 displays a typical experimen-
tal plot representing the normalized parent and product
ion abundances versus reaction time for the reaction of
Ni(DIPN-(py)2)
2 with CH3CN. Examination of each
kinetic plot shows that the reactions of all the Ni(II)
complexes of Ligands I–X achieve an equilibrium after
about 2000 ms, and addition of a single CH3CN mole-
cule is observed in each case. Fitting of the kinetic data
Figure 2. Typical experimental kinetic plot for the reaction of
Ni(DIPN-(py)2)
2 with CH3CN. The ion abundance of the parent
ion, Ni(DIPN-(py)2)
2, is indicated by a filled square, and the
product ion, Ni(DIPN-(py)2)(CH3CN)
2, is indicated by a filled
circle.
stan
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stants for these reactions (see Table 1).
ML2 CH3CN
k1
3
4
k2
ML CH3CN
2 (1)
Table 1 clearly shows differences in reactivity for
each complex. Because these are association reactions,
the reaction rate constants and the equilibrium con-
stants are both dependent upon the binding strength of
the CH3CN to the metal complex. As we have shown in
our previous work [18, 19, 36], the magnitudes of both
rate and equilibrium constants should generally follow
the same trend as the nature, and thus the reactivity, of
the metal complex changes. For simplicity, in the fol-
lowing discussion the equilibrium constant values will
be used as the figures of merit to distinguish the
reactivity of different complexes.
Table 1 clearly shows some remarkable changes in
reactivity observed as the ligands are varied. Previ-
ously, we established that the ability of a ligand’s donor
groups to donate electron density dramatically affects
the reactivity of the complex, and the extent of reagent
ligand addition can be correlated with the coordination
sphere of the complex [18, 36]. In this work the ligand
donor groups are only minimally changed. In all cases
the donor groups are either secondary or tertiary
amines. The most significant changes to the ligand
structures correspond to the addition of methylene
and/or methyl groups to the ligand framework. It is
well known that chelate ring size, sterics, and inductive
effects are key features that control metal-ion selectivity
in both open-chain and macrocyclic ligands [37–39].
With Ligands I–X we have introduced structural fea-
tures that allow the effect of such factors on the gas-
phase reactivity of the metal complexes to be evaluated.
The complexes of Ligands I–IV allow the effects of
chelate ring size to be notionally evaluated, although
inductive and steric effects will also have a bearing on
the reactivity of these complexes to some degree. The
remaining ligands more directly allow steric and induc-
tive effects to be examined.
Table 1. Rate and equilibrium constants for the reaction of vari
Ligand
Rate consta
(x 1011 cm3/mol
I DIEN-(py)2 40  10
II DI-iPN-(py)2 40  10
III DIPN-(py)2 19  1
IV PNBT-(py)2 7.2  0.1
V DIEN-(2-Me-py)2 13.5  0.4
VI DI-iPN-(2-Me-py)2 4.0  0.1
VII DIPN-(2-Me-py)2 2.2  0.2
VIII Me-DIPN-(2-Me-py)2 3.4  0.1
IX Me-DIPN-(py)2 9  1
X Tri-Me-DIEN-(py)2 1.4  0.1
aThe error associated with each rate constant value corresponds to theChelate Ring Size Effects
The results in Table 1 show that a general reduction in
the rate and equilibrium constants is observed as the
chelate ring size increases from five to seven. This
observation is illustrated by the Ni(II) complexes of
Ligands I, III, and IV. For many metal-ligand complexes
in solution, five-membered chelate rings lead to greater
complex stability than the presence of smaller or larger
chelate ring sizes [39, 40]. For metal-ligand complexes
of high denticity (e.g., tetradentate ligands), however, it
has been observed that a change in the chelate ring size
from five to six actually stabilizes the complexes of
small transition metal ions (e.g., Ni2, Cu2, Zn2) but
not larger metal ions (e.g., Pb2) [41–46]. A reduction in
the equilibrium constants is observed for the Ni(II)
complexes of ligands I and III (Table 1) as the chelate
ring size increases from five to six. This reduction
correlates well with the expected stability constant
increase in solution for ligands with similar denticity to
the ligands in our study [41–43]. We have observed for
numerous metal complex ions with the same denticity
that the extent of a complex’s gas-phase reactivity with
a reagent is roughly related to the formation constant of
that complex in solution [47]. In other words, more
stable metal-ligand complexes have lower equilibrium
constants for their gas-phase reactions with reagents
like CH3CN.
This correlation between the equilibrium constant in
the gas phase reaction and the stability constant in
solution has some limits, though, as evidenced by
further reduction in the equilibrium constants when the
chelate ring size is increased from six (Ligand III) to
seven (Ligand IV). Solution-phase reports indicate that
when the chelate ring size is increased from six to seven
a substantial decrease in stability constants is observed,
which is independent of the metal ion size [41–44]. The
decrease in the gas-phase equilibrium constants for the
reaction of CH3CN with the Ni(II) complex of Ligand IV
could be caused by at least two factors. First, increasing
the number of methylene groups adjacent to the nitro-
gen in the ligand may sterically hinder the addition of
CH3CN. This factor could also then be the cause of the
decreased reactivity of the complexes of Ligand III
i(II) complexes with CH3CN
-s)
Equilibrium constant
(x 109 atm1) Mulliken charge
330  150 0.52
130  30 0.49
9  2 0.46
1.2  0.1 0.38
2.3  0.7 0.45
0.23  0.03 0.44
0.21  0.03 0.39
0.23  0.2 0.39
4  2 0.45
0.14  0.03 0.45
dard deviation from at least four separate measurements.ous N
nta
ecule
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ond, the nitrogens along the backbone of Ligand IV may
donate more electron density to the metal ion either
because of more efficient overlap with the metal due to
better dipole orientation or increased -donating capac-
ity due to additional adjacent methylene groups.
To test these two possibilities, two sets of experi-
ments were performed. First, the Ni(II) complex of
Ligand II was reacted with CH3CN. Complexes of this
ligand maintain five-membered chelate rings, while at
the same time introducing a methyl group adjacent to
the nitrogen donor atoms. A comparison of the reactiv-
ity of the Ni(II) complex of Ligand II with the complex
of Ligand I indicates that this modification has less of an
effect on reactivity than a change in chelate ring size.
This result suggests that the addition of extra methyl
groups adjacent to the nitrogen donors does not likely
decrease the reactivity of the complexes of Ligand III,
and probably Ligand IV, for steric reasons. The second
set of experiments involved using DFT to calculate the
atomic charge on the metal center in each of the
complexes of Ligands I–IV, and the resulting Mulliken
charges are listed in Table 1. For the complexes of
Ligands I–IV, the charges on Ni correlate directly with
the experimentally determined equilibrium constants
for the reactions of these complexes with CH3CN. The
trend indicates that as the charge on the metal decreases
the reactivity of the complex decreases. This result is
not surprising, and it agrees with our previous report
[18] and the work of others [48, 49] in which the ability
of the ligand donor groups to donate electron density to
the metal center was observed to directly affect complex
reactivity. Essentially, greater metal-donor overlap,
which leads to stronger metal-ligand bonds, decreases
the charge on the metal and weakens the metal-CH3CN
interaction, which leads to lower equilibrium constants.
In the present case, as the chelate ring size increases the
charge on the central metal ion decreases, and the
reactivity of the complex with CH3CN decreases. This
effect is likely caused by better overlap of the donor
atoms with the metal center as a consequence of the
increased flexibility of the ligand. Presumably the nitro-
gen donor atoms can more easily orient their dipoles
toward the metal center. Ligand flexibility and optimal
dipole orientation have also been invoked to explain the
gas-phase dissociation behavior of metal complexes [21,
50–52]. The increased number of adjacent methylene
groups might also increase the -donating capacity of
the nitrogen donors in Ligands III and IV, leading to a
decreased charge on Ni; however, the minor changes in
the Mulliken charge on Ni(DI-iPN-(py)2)
2 and the
reactivity of the Ni(II) complex of Ligand II indicate that
the increase in -donating capacity is only minimal.
The decreased gas-phase reactivity upon going from
Ligand I to III to IV might have implications for
understanding the effect of chelate ring sizes in solu-
tion. Both the gas-phase equilibrium data and the DFT
calculations suggest that there is an enthalpic benefit in
going to larger chelate ring sizes. Of course, solutionstability constants are dependent upon both the en-
thalpy and entropy of the metal-complex formation
reaction. The higher solution stability constants of some
metals (i.e., small metals like Ni(II)) with ligands of high
denticity (i.e., tetradentate and higher) having six-mem-
bered chelate rings might then be understood by the
well known trade-off between enthalpy and entropy.
Even though favored more for enthalpic reasons, seven-
membered chelate rings are relatively unfavored for
entropic reasons. In contrast, five-membered chelate
rings are favored entropically, but they are more unfa-
vored enthalpically. For Ni(II) six-membered chelate
rings evidently provide the right balance of enthalpic
and entropic contributions in solution. This same expla-
nation was suggested after the initial observation that
an increase in chelate ring size leads to a reduction in
complex stability for relatively small transition metal
ions [53]. After several studies, however, the reduction
in complex stability as the chelate ring size increases is
now usually explained in terms of the unfavorable
enthalpy associated with steric strain and the difficulty
of orienting donor dipoles toward the metal as the
chelate ring size increases [39]. Calculations of ligand
strain using the approach described in the Experimental
section give values of 157, 158, and 172 kJ/mol for the
complexes of Ligands I, III, and IV, respectively, which
is somewhat consistent with this explanation. Our ex-
perimental data and Mulliken-charge calculations,
however, suggest that even if ligand strain is slightly
increased with larger chelate ring sizes, the donor
atoms can still orient themselves effectively to provide
sufficient electron density to the metal.
While our gas-phase data and DFT calculations sug-
gest a possible flaw in the ring strain explanation for the
trend in solution stability constants as a function of
chelate ring size, more experimental work is necessary
to clarify this issue. Because our gas-phase reactions
appear to measure the inherent enthalpic contribution
from the ligand, we speculate that the trend in solution
stability constants is a combination of both ligand
solvation effects, which might prevent optimal orienta-
tion of the ligand donor groups toward the metal in
solution, and entropic considerations. In future experi-
ments we will carry out gas-phase reactions and DFT
calculations on a wider range of chelate complexes with
a particular emphasis on those complexes that in solu-
tion have been well studied with respect to chelate ring
size [39].
Steric and Inductive Effects
As noted above, the less extensive reactivity of the
Ni(II) complexes as methylene groups are introduced
onto the ligand backbone (i.e., Ligands I, III, and IV) is
likely a result of better metal-donor overlap rather than
increased sterics. Placement of methyl groups at other
positions in the ligand (i.e., Ligands V–X) also decreases
complex reactivity (see Table 1); however, the de-
creased reactivity appears to be the result of increased
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effects. A comparison of the reactivity of the complexes
of Ligands I, II, and III with analogs V, VI, and VII, in
which methyl groups have been introduced into the
pyridine rings, indicates a significant decrease in equi-
librium constants. For example, the equilibrium con-
stants for the complexes decrease by factors of 140, 550,
and 40 as the ligands are changed from I to V, II to VI,
and III to VII, respectively.
The decreased reactivity for this series of complexes
could be due to the enhanced -donor ability of the
nitrogen in the pyridine ring via inductive effects
caused by the methyl group and/or increased steric
effects caused by the methyl groups. When the Mul-
liken charges on Ni are calculated for the complexes of
V, VI, and VII, it seems that the methyl groups  to the
pyridine nitrogen do have an inductive effect, but the
reduced reactivity of these complexes is also a conse-
quence of increased sterics. One piece of evidence in
support this contention is the similarity in Mulliken
charges between the Ni complexes of Ligand III and
Ligands V and VI, but the noticeably different equilib-
rium constants. Another piece of evidence comes from a
comparison of the Ni(II) complexes of Ligands IV and
VII, which have similar Mulliken charges on the metal,
but equilibrium constants that differ by about a factor of
five.
The complexes of Ligands V, VI, and VII seem then
to have lower than expected equilibrium constants
based upon the relationship between the Mulliken
charge and the equilibrium constants seen for the
complexes of Ligands I, III, and IV. The lower than
expected equilibrium constants are probably due to the
steric bulk of the methylpyridine groups, which prevent
CH3CN from optimally binding to the metal. A struc-
tural comparison of the complexes of Ligands I and V
(on the left and right, respectively, in Figure 3) illus-
trates the steric hindrance caused by the methylpyri-
dine groups. In the CH3CN adduct of the Ni complex of
Ligand I (structure not shown), CH3CN attaches to the
complex via the open space that is available trans to one
of the aliphatic nitrogens, which is circled in Figure 3.
The same space in the Ni complex of Ligand V is
obstructed by the methyl group attached to the pyridine
ring, which hinders optimal orientation of CH3CN with
respect to the metal and thus weakens the metal-
CH3CN interaction.
Placing methyl groups on the amine donor atoms
might also be expected to have an effect on reactivity
because of inductive effects, but it is unclear if steric
effects would also affect the reactions of such com-
plexes. Tertiary amines are usually weaker ligands than
secondary amines in solution due to solvation effects,
but gas-phase results typically indicate increased metal-
ligand binding strengths as the degree of alkylation is
increased, presumably because of greater ligand -do-
nation [54, 55]. The collection of ligands used in this
study does not allow for a thorough evaluation of the
effect of amine methylation, but some insight is gath-ered by comparing the metal complex reactivity of the
following ligands: VIII versus VII, IX versus III, and X
versus I.
A comparison of the complexes of Ligands VIII and
VII shows that methylation of one of the amine groups
(i.e., Ligand VIII) does not change the reactivity of the
complex much. The lower reactivity of the complexes of
these ligands when compared with the complexes of
Ligand III, though, suggests that methylation of the
pyridine ring has more of an impact on reactivity than
amine methylation. In a similar manner the equilibrium
constants for the complexes of IX are only slightly lower
than the complexes of Ligand III. Indeed, the Mulliken
charge on Ni(II) in the complex of Ligand IX is only
slightly smaller than the value for the complex of
Ligand III, and the resulting decrease in complex reac-
tivity falls right in line with the trend observed for
complexes minimally affected by sterics (i.e., complexes
of Ligands I–IV).
Methylating all of the amine groups in the ligand
(i.e., Ligand X) results in lower equilibrium constants as
is evident from a comparison of the complexes of
Ligand X and Ligand I. In this case, though, inductive
effects cannot fully explain the drastic drop in the
equilibrium constants in going from Ligand I to Ligand
X. The Mulliken charge on the Ni(II) complex of Ligand
X is lower than on the Ni(II) complex of Ligand I, but
the decrease is not enough to explain the fact that
complexes of Ligand X exhibit the lowest equilibrium
constant of all the complexes studied. Very likely steric
effects also play an important role in reducing the
reactivity of this complex.
Conclusions
In summary, ion-molecule reactions of CH3CN with a
series Ni(II) complexes have been performed. The li-
gands in these complexes differ by the placement of one
Figure 3. Minimum energy structures, which were obtained by
DFT calculations (B3LYP/LANL2DZ), for the Ni complexes of the
Ligands I (left) and V (right). In the CH3CN adducts of these
complexes, CH3CN binds to the metal trans to the circled N atoms.
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chelate ring size, sterics, and inductive effects can be
examined in the gas phase. A decrease in equilibrium
constants is observed as the chelate ring size increases
from five to seven. The decreased gas-phase reactivity
arises from greater ligand flexibility, which leads to
better overlap of the ligand donor atoms with the metal.
This conclusion is supported by DFT calculations,
which show decreased Mulliken charges on the metal as
the chelate ring size increases. These results, however,
somewhat contrast with previous predictions based on
solution data, which speculate that increased ligand
strain and poorer metal-donor overlap are present as
the chelate ring size increases. Further experiments of
the type described in this work may provide more
insight into how chelate ring size affects the stability
constants of metal complexes in solution. Additional
gas-phase investigations of complexes that have been
well studied in solution with respect to chelate ring size
would first be necessary to confirm the generality of the
trend observed here. Assuming that the generality
observed here holds, gas-phase measurements involv-
ing complexes with ligands that have different solva-
tion properties and complexes with larger metal ions
might help clarify the effect of chelate ring size.
In general, rate and equilibrium constants also de-
crease for the metal complex reactions with CH3CN, as
methyl groups are added on or next to nitrogen donor
atoms. Both inductive and steric effects are responsible
for these results. Because one eventual goal of these
ion-molecule reaction studies is to use such reactions as
indicators of divalent metal complex coordination
structure, the effect of sterics on these reactions is
important. Previous studies [12, 18–20, 36] have shown
that metal electronic structure and a complex’s coordi-
nation sphere have a profound effect on reactivity. The
present study, however, indicates that ion-molecule
reactions are also strongly influenced by steric factors,
perhaps even to an extent that previously observed
correlations between coordination structure and gas-
phase reactivity may be obscured in cases where the
metal is sterically hindered.
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